The purpose of the presented study was to determine the reaction of hens to low-phosphorus diets and supplementation with different microbial phytases by assessing laying performance, feed intake, egg shell quality, as well as bone strength parameters and bone contents of Ca, P, Mg, and Zn. At the age of 16 weeks, 288 Lohmann Brown pullets were allocated to 6 dietary treatments, each treatment group consisting of 12 cages, 4 birds per cage. Before the laying period the pullets were fed with a standard diet containing 150 g crude protein (CP) 11.3 MJ ME, 4 g available P and 10.6 g of Ca per kg feed. The experimental diets fed from the first day of laying were based on wheat and barley and contained 165 g CP and 11.2 MJ ME/kg. In diets I to V the level of available P was lowered to 1.89 g/kg in the first period of laying and to 1.31 g/kg in second and third periods, while in the control (VI) diet the amount of available P was 3.09 g/kg. In diets II-V two kinds of phytase were applied at levels of 300 or 450 U/kg of diet. The phosphorus level did not affect the laying rate. The higher P level enhanced egg shell thickness. Supplementation with phytase did not affect the performance of hens. Improved feed conversion was noted only when the diet was supplemented with 450 U of phytase B per kg. Phytase supplementation of low-P diets significantly improved the strength and elasticity of the tibia and femur, which in groups II-V were on a similar level as in the positive control group. KEY WORDS: microbial phytase, performance, egg shell quality, bone quality, laying hens 96 P AND PHYTASE PREPARATIONS FOR LAYING HENS
INTRODUCTION
Plant compounds that are used in formulating mixtures for poultry contain sufficient amounts of phosphorus to cover the birds' requirements. However, about 60-70% of total P exists in the form of phytic acid, which makes the phosphorus unavailable or hardly available for poultry (Oloffs et al., 2000; Liebert et al., 2001) .
The presence of phytic acid in feed components worsens the absorption of both trace-and macroelements from the intestinal digesta (Van der Klis, 1991) , which may lead to their deficit (De Groote and Huyghebaert, 1997) . Phytic acid may bind some proteins and form stable phytate-protein complexes that can lower the utilization of proteins and amino acids. Furthermore, such complexes with intestinal proteases may inhibit protein degradation and digestion (Yi et al., 1996b; Szkudelski, 1997; Ravindran et al., 1999) .
Microrganisms are able to hydrolyse phytates; phytase-myo-inositol hexaphosphate-phospho-hydrolase originating from microbes is an enzyme that releases phosphorus from phytate complexes (Żyła et al., 1989 Simons et al., 1990; Kornegay et al., 1996; Hadorn and Wiedmer, 1998) . The activity of phytase produced by intestinal microorganisms is low, also the native phytases of wheat, barley or their by-products are not sufficient for significant improvement of phosphorus utilization (Oloffs et al., 2000; Liebert et al., 2001) . Supplementation of diets with microbial phytase preparations can improve the bioavailability of phosphorus from dietary phytate (Sebastian et al., 1996; Leske and Coon, 1999; Saynaeve et al., 2000) , increase P utilization and digestion, protein utilization, and enhance N retention in broilers and laying hens (Yi et al., 1996a; Szkudelski, 1997) . Beneficial effects of phytases on phosphorus utilization, bone strength, and egg shell quality were also found in other experiments on hens (Um and Paik, 1999; Gordon and Short, 2001) .
The purpose of the present study was to determine the response of laying hens to low-phosphorus diets supplemented with two levels of different phytase preparations. Laying performance, main parameters of egg shell quality, bone composition and strength parameters were investigated.
MATERIAL AND METHODS
The experiment was performed with 288 Lohmann Brown layers. At the age of 16 weeks pullets were transferred to cages, 4 pullets per cage and allocated to 6 treatments, each encompassing 12 cages. The average initial body weight of birds was similar in all groups. Feed and water were supplied ad libitum. The temperature in the laying house varied from 18 to 26 o C during the warm summer days. The lighting program was 10 h darkness and 14 h light with an intensity of about 30 lx.
Before the laying period, pullets were fed a standard diet containing 150 g crude protein and 11.3 MJ ME/kg Three diets were prepared to contain 4.01 or 3.29 total P per kg (low-phosphorus diet LP-1 and LP-2) and 5.5 g P per kg (control diet) ( Table 1) . 1 supplied per kg diet: retinol acetate 10.000 IU; cholekalciferol 2.000 IU; mg: tocopherol 15; menadion 1.5; thiamine 2; riboflavin 4; pyridoxine 1.0; cyanocobalamin 0.01; nicotinic acid 30; folic acid 0.5; panthothenic acid 4; choline chloride 250; Mn 60; Zn 50; Fe 30; Cu 5; I 0.5; Se 0.12; methionine 1 g and NaCl 4 g 2 calculated on the basis of P-availability from Nutrient Requirements (1996) Diets LP-1 and LP-2 were fed either unsupplemented or supplemented with two phytase preparations at a level of 300 or 450 phytase units per kg (Table 2 ). All diets were fed ad libitum in mash form. Group VI was fed the control diet from week 19 of life to the end of the experiment (298 days). From week 1 to 14 week of the laying period groups I to V were fed diet LP-1 that was either unsupplemented or supplemented, thereafter until the end of the experiment respective diets LP-2 containing 1.31 g of available P per kg.
Laying performance was determined during 298 days of laying. The number of eggs was recorded daily, all eggs from each cage were weighed once a week. Feed intake, cleanness and abnormalities of the egg shell and mortality of birds were recorded during the laying period. During weeks 13, 19, and 33 from the start of the experiment (measurement periods 1, 2, and 3) the quality of eggs and bones and the content of Ca, P, Mg and Zn in bones were estimated.
Thirty eggs were randomly selected from each group to determine the weight of whole eggs. Egg analyses were performed using standard procedures with a PM-600 PX-processor apparatus (Technical Service and Supplies Ltd., York, England). Shell thickness was measured in three points using a Modul with Micrometric screw (Mitutoys). Each measurement was carried out in duplicate. Shell strength was determined under a maximum pressure of 3.5 kg.
In each measurement period one hen from each cage was randomly chosen, weighed and killed. From five selected animals per group the tibia and femur bones from the left leg were prepared for evaluation of strength and elasticity. Analysis of physical properties was done on fresh bones that had been stored in a refrigerator at a temperature of 4-5 o C. Bone deflection (h) was measured by a standard method, in which the force (Fn) was applied to the shaft of the bone supported at both epiphyses, taking into account Hook's law concerning bone elasticity, where the vector of deflection is proportional to the supported force (Fn = α x h), and α is the coefficient of elasticity.
At the breaking point, the inner and the outer diameter as well as the cortex thickness of the bone were measured using a slide calliper assuming that the bone cross section was circular. Measurements were taken from ten different, randomly chosen points. On the basis of the obtained data, the surface of bone and the cross section were determined. The elasticity of the bones was estimated by a mediation model:
The parameters were evaluated according to variable force (from low to high pressure) up to the bone breaking point. Maximal loading was compared with the strength coefficient of long bones (W). Finally, the coefficient of elasticity was estimated by comparing two factors: deflection and breaking force: α = ∆ F n / ∆ h . All estimated parameters of bone quality were expressed in relation to 100 g of metabolic body weight.
The chemical composition of the diets was determined according to standard methods (AOAC, 1990) . The Ca, P, Mg and Zn contents were determined in dried bones prepared from the right legs. After previous mineralization of diets and bones, phosphorus was analysed by the vanadomolybdate method, using a Specol 11 (Carl Zeiss, Jena) spectrophotometer at a wave length of 470 nm. Ca, Mg and Zn were determined by atomic absorption spectrophotometry using an AAS-3 EA 30 (Carl Zeiss, Jena) apparatus.
The energy value of the diets (Table 1) was calculated according to the European Table ( 1989) .
Statistical calculations were conducted using the Statgraphics Plus ver. 7.0 software. Data was compared using one-way and two-way ANOVA (Brandt, 1997) . A split-plot ANOVA was used to test for period x treatment interactions. The significance of differences between groups was examined after data transformation (arcsin) for percentages and log 10 for other variables. Tukey's Multiple Range Test was used to determine the significance of differences between treatment means (P≤0.05 and P≤0.01).
RESULTS
In the first measurement period, the body weight of hens averaged 1855 g, except in group I (2052 g); in the second period it averaged 1984 g, in the third, 2072 g. The low phosphorus level in the diets of groups I to V did not result in significant changes of body weight during the 298 days of the experiment (Table 3 ). The health status of the birds was very good.
Phosphorus level and phytase addition did not significantly affect laying rate, egg weight, number of laid eggs, or total egg mass, although slightly better results (by 3%) in total egg mass were noted in group V, in which the diet was supplemented with phytase B at a rate of 450 U/kg feed and in group III (phytase A at 450 U/kg) (Table 4) . Feed conversion calculated per kg of egg mass was significantly lower in group V than in other groups. Differences in the percentage of cracked or deformed eggs among groups were relatively low and statistically not significant (Table 4) .
Egg shell thickness in group VI was higher than in group I; in the first and second periods these differences were highly significant (P≤0.01), however in the third period (in older hens) no significant difference was found. In young hens (in the first period) egg shell thickness was significantly improved by addition of phytase A at 300 U/kg to the diet and in the second period, by phytase B at 450 U/kg (Table 5) .
The strength and elasticity of the tibia and femur are presented in Tables 6 and  7 . Similarly as egg shell quality, large individual variation of the analysed bone parameters were observed. The most important parameters of bone quality, i.e. strength (N) and strength to surface ratio, indicate that the phosphorus content in the diet and supplementation with phytase significantly affected these parameters in the first and third periods (strength to surface ratio). A clear tendency towards improvement of bone strength was observed particularly in the positive control group (VI) in comparison with groups I-V. The parameters of bone strength (N/mm 2 ) and elasticity were improved in hens fed diets supplemented with phytases in comparison with the low-P group (I). Addition of phytases to the low phosphorus diet improved both tibia and femur strength and elasticity in nearly all cases (except group II). The effects were slightly better with higher phytase dosages. The best tibia quality was found in hens from group V and femur quality in groups III and V.
The average values of the analysed parameters for the tibia and femur in subsequent measurement periods indicate that in older birds these parameters were higher in both the low P (I) and the positive control group (VI). Similarly to tibia quality, supplementation of feed with phytases also positively influenced femur quality in all cases. The reduction of the phosphorus level in diet I decreased the bone quality parameters only in the second and third experimental periods. All calculated interactions were insignificant.
The content of dry matter in the bones was similar in all groups (average 92%). The crude ash content ranged from about 44 to 52% and significant differences between groups were noted (Tables 8 and 9 ), therefore the concentration of minerals was calculated in relation to crude ash. Tibia and femur ash contained from 48 to 57% Ca, and from 31 to 36.6% P. Only in some cases were the differences between groups significant. Relatively high variability was found in the Mg and Zn contents. Phytase caused significant diversification of Mg and Zn content only in the third measurement period. The reasons for the lower concentration of P and the higher Mg concentration in the bones, which were observed in the second experimental period, are unclear and difficult to explain. The coefficients of correlation that were calculated for bone strength and elasticity and Ca and P content in dry matter of bones varied insignificantly between 0.36 and 0.46.
There were some significant differences between groups in Ca, P, Mg and Zn concentrations in crude ash, but they are inconclusive; however, the content of Mg in ash increased and the content of Zn declined with the age of the hens (Tables  8 and 9 ).
DISCUSSION
In the present study the low-phosphorus diet for layers was supplemented with two different phytase preparations, each of them was applied at two levels. The amount of available P was reduced to 1.89 g and then to 1.31 g per kg of feed as compared with 3.09 g/kg in the control diet and it did not lead to a decrease of body weight or laying rate. These basic performance parameters were also not improved by phytase supplementation. The average laying rate for the total period of egg production was 92.7%. The number and weight of eggs obtained were also not affected by the P level and did not depend on the kind or level of added phytase. Adult hens usually show a slight response to feed supplementation with biologically active substances (Jamroz et al., 1998) . The results of the present study are in agreement with the reports of Htoo and Liebert (2001) .
The daily feed intake in hens fed the low-P diets or diets supplemented with phytase B was similar; a significantly higher feed intake was recorded only in the group fed the diet with 450 U/kg phytase A. However, feed conversion was significantly better in the group fed the diet with 450 U/kg phytase B. The possibility of improvement of feed conversion by phytase addition has been described by Hadorn and Wiedmer (1998) and Oloffs et al. (2000) . One of the possible explanations of the low phytase efficacy in hens in the present experiment may be the high amounts of wheat and barley in the diet; these grains are characterized by relatively high native phytase activity ).
The phosphorus level or addition of phytase did not affect the percentage of cracked eggs. The highest shell thickness was found in eggs from the positive control (VI) and groups II and III in the first and third experimental period. Only in individual cases was a slight enhancement in this parameter registered, particularly when phytase B at a level of 450 U or phytase A at level of 300 or 450 U/kg were applied.
Phytases, enzymes degrading phytate in feeds, release mineral elements and improve P but also Ca conversion. This makes better egg shell mineralization possible and consequently improves the quality of eggs (Sauveur, 1991; Um and Paik, 1999) . The averages, calculated for three measurements, show that a higher egg shell thickness was found in the positive control group and in groups fed low P diets supplemented with 450 U phytase B or with 450 U phytase A. Generally, the strength of egg shells was lower in comparison with results reported by Jamroz et al. (1998) , which might be related to the genotype of the hens.
In contrast to the indistinct effects on egg shell quality, the tibia and femur strength was improved by phytase addition. The differences between groups were statistically significant. The average values for bone strength varied from 3.97 to 5.59 N/mm 2 (60-99 N) for the tibia and from 3.54 to 5.62 N/mm 2 (58-97 N) for the femur. However, Fleming et al. (1994) and Gordon and Short (2001) reported values ranging from 115 to 249 N. Phosphorus utilization depends on nutrition, housing systems and strains of hens or broilers (Simons et al., 1990) . The bone parameters can also be differentiated by the kind of determined indices (Quian et al., 1996; Zhang and Coon, 1997) . The strength indices relating to the tibia and femur, expressed in N/mm 2 , were lower in hens from group I and the best in group VI, groups supplemented with 450 U/kg phytase A and 300 U/kg phytase B, respectively. The elasticity of bones, low in group I, was clearly higher in the positive control, group VI, and in groups supplemented with phytase.
In contrast to the assessed egg parameters, only a small decrease in shell quality was observed (in the second period) as an effect of the level of available P/kg of the diet being reduced to 1.89 and then to 1.31 g from 3.09 g. In the tibia and femur in the control group only a slight reduction in the elasticity coefficient in the third measurement period was found. It is clear that in older hens the bone parameters were better than in younger ones at the beginning of egg production. The same pattern was observed in the case of low P (I) and enzyme-supplemented diets. There was no tendency towards higher accumulation of Ca in bones. In contrast to Ca, the phosphorus content of bones of hens fed low-P diets with phytases was higher in the first and third measurement periods. In the present study the variability of Mg and Zn content in bones caused some difficulties in interpretation of the obtained results, however, in the opinion of Yi et al. (1996a) the concentration of Zn in bones can be improved by phytase supplementation.
Comparison of some parameters of bone quality and chemical composition (Table 10) points to significant differences between the tibia and femur. The femur is significantly stronger and more elastic than the tibia. The content of Ca, P, Mg and Zn in the femur is higher, too. This indicates that the tibia is a weaker bone. It is much more exposed to mechanical injury, especially since it is positioned at an angle to the base. In conclusion it can also be stated that the bone quality parameters of laying hens are more rational and useful indices for estimation of phosphorus availability and phytase efficiency than egg shell characteristics. A similar conclusion was drawn by Orban et al. (1999) and Um and Paik (1999) .
